A clear opportunity exists for the integration of Battery Energy Storage Systems (BESS) in hybrid off-grid applications, i.e., isolated grids with renewable sources (e.g. photovoltaic, wind) and small-scale diesel generators. In these applications, renewable sources have the potential to reduce fossil fuels derivatives consumption and reduce Greenhouse Gases (GHG) emissions. BESS present the capability of maximizing the integration of renewable energy and, consequently, further offset the use of diesel-fired generating units. Therefore, this work advances an operating strategy for the day-ahead planning of the generation units in the microgrid based on the use of Key Performance Indicators (KPIs).
INTRODUCTION
Due to the increased energy demand, environmental protection and the high cost of fuel in remote locations, renewable energy penetration in island grids has experienced a significant increase [1] . However, renewable generation is intermittent, uncertain and non-dispatchable, which impose some challenges to the flexibility and efficiency of the integration of Renewable Energy Sources (RES) in Microgrids. For this reason, RES integration may be limited [2] . Therefore, one of the possible solutions to mitigate these challenges is the use of Battery Energy Storage Systems. RES are coupled to a storage system, and a so-called hybrid system is formed. BESS can provide short-term fluctuations smoothing, time-shifting and curtailment minimization to RES [3] . This ancillary service support enables the maximization of the use of the available power. BESS may even provide other services as capacity support, voltage regulation, frequency control, peak shaving, black start, reactive compensation and minimization of electricity costs [4] .
When coupled to a thermal generator, BESS can be used as a peaking capacity, helping the start-up and acceleration/deceleration intervals of the slow thermal unit. Besides, BESS operating in island mode can reduce the stress on central generation facilities (when used for renewable output smoothing) and, in this way, potentially decreasing their fuel consumption and increasing their lifetime [5] .
The present work proposes a methodology to integrate Hybrid Off-grid Systems with Battery Energy Storage Systems assessed by Key Performance Indicators. It is proposed a methodology whose final purpose is the scheduling of the day-ahead of the hybrid system, i.e. BESS and Thermal Unit or BESS and RES. The methodology takes into consideration the lifetime of the BESS, including an optimized limitation on the cycles per day so that the system does not degrade unnecessarily. The paper is structured as follows: Section II of this paper introduces and fundament the KPIs, and in the third Section, it is presented the implementation of the methodology. Section IV focuses on the case study and its results and, finally, the fifth Section summarizes the main results and conclusions of this study.
II. KEY PERFORMANCE INDICATORS
A Key Performance Indicator is the industry term used for a measure or metric whose performance is evaluated regarding some objectives. In self-adaptive software systems, the KPIs perform as monitored variables and determine whether a system is working as expected relative to its mandate or whether it should adapt its behaviour [6] .
A. Requirements
There are some requirements that efficient KPI should fulfil. The KPIs must be meaningful, easy to understand, showing a trend over time, suitable, feasible, effective and representative [7] . This work is supported by Efacec under the FLEXERGY project of the COMPETE P2020 program, grant number 038431.
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B. Operational KPIs
Operational KPIs aim to participate in the operation strategy of the microgrid system. These KPIs perform as monitored variables and determine whether the system is working as expected relative to its mandate or whether it should adapt its behaviour.
1) Renewable Curtailment Avoidance (RCA)
In a microgrid scenario, one of the applications of the BESS is to minimize renewable curtailment; there is an intention to enlarge the integration of renewable energy. In this context, it is considered the RCA indicator, whose task is to evaluate how many MWh are stored for each MWh in excess of renewable energy. In other words, this indicator evaluates the amount of renewable curtailed in the system.
2) Average Cost Reduction (ACR)
In order to compare the improvement of the microgrid with and without the BESS it is adopted the KPI ACR. This KPI studies the correlation between the value of the average operational cost between the two systems.
The system in which the energy storage system is included is expected to admit a lower value as a result of the integration of energy from renewable sources. The storage system must also be able to compensate for the error related to the difference between the production and the forecast. For this reason, this indicator can likewise evaluate the performance of the storage system for this application.
3) Emissions Cost Reduction (ECR)
One of the main purposes of the introduction of energy storage systems and renewable energy sources is the reduction of fuel and consequently the reduction of CO 2 emissions.
In some countries, there have already been implemented some incentives to reduce CO2 emissions. For instance, the European Commission (EC) launched the EU Emissions Trading System (EU ETS) in 2005. This system works on the 'cap and trade' principle. The EU sets a cap and, within this cap, companies receive or buy emission allowances which they can trade if they wish to do so [8] . Therefore, this emission can be monetized, and the reduction of CO2 emissions between a microgrid with and without energy storage should be considered. To that end, it is defined as a KPI that evaluates the reduction of CO2 emission costs called ERC.
4) Cycle Benefits (CB)
The purpose of this KPI is to verify that the discharge and charge the battery is performed only when it is profitable.
Therefore, in a microgrid scenario, it is considered the cost of each BESS cycle and the saving in the electricity generation.
5) State of Health (SoH)
When the scheduling of charging and discharging periods end, there is a need to assess the State of Health of the energy storage system. The indicator SoH has the function of acknowledging the health status of the system and to predict when the Payback Time and the End of Life will be reached.
At the end of the day ahead planning, the SoH is evaluated and, if the state of health is higher than expected, the equivalent cycles per day constraint is relieved.
C. Planning KPIs
Planning KPIs aim to assess the impact of the system at the BESS's End of Life. The improvement in operating KPIs has an impact on planning KPIs, providing KPIs with an overview of the system. These KPIs are the ones that allow us to decide whether integrating BESS into the microgrid is a viable decision or not.
1) Levelized Cost (LC)
The Levelized Cost is defined as the cost of an investor, assuming the certainty of production costs and the stability of electricity prices. Thus, the LC corresponds to the sum of all costs incurred over the lifetime of a given generating technology divided by the delivered energy.
Furthermore, the LC represents a life cycle cost per kilowatt hour (kWh). It can be interpreted as the minimum price per kWh that an electricity generating plant would have to obtain in order to break-even on its investment over the entire life cycle of the facility [9] .
For instance, the energy from renewable sources has high capital costs, low operational costs and significantly low capacity factors due to their variability. On the contrary, fossil-fuel power plants are associated to lower capital costs, higher operational costs and higher capacity factors. Therefore, LC takes these differences into account and allows investors to make better decisions on investments in electricity generation as it can be used to assess different options and determine the most cost-effective energy source [10] .
a) Levelized Cost Of Energy (LCOE)
The costs considered in the LCOE are the costs of investment and maintenance of generation plants, fuel costs and the costs of CO 2 emissions. These costs are levelized, taking into account the energy delivered to the grid.
b) Levelized Cost Of Storage (LCOS)
For the LCOS, the costs considered are the costs of investment and maintenance of BESS and the charge of the batteries. These costs are levelized considering the energy delivered to the grid by the discharge of the batteries.
2) Levelized Benefits Of Storage (LBOS)
The LBOS consider the sources of income of the BESS. These sources of earnings are the sale of energy and the provided services. The LBOS and LCOS can be applied together, at the end of the investment, and determine if the project is profitable (LBOS>LCOS), which has considerable importance to policymakers and investors.
3) Net Present Value (NPV)
The idea of NPV is based on the concept of the time value of money and considers that money spent and obtained in future periods has a different value than money spent or obtained in the present. The NPV is widely adopted in different applications as a measure of the economic feasibility of a project.
The NPV is chosen as a KPI over other indicators, i.e. Internal Rate of Return because it considers different discount rates for the same project and takes into account the cost of capital, which is indispensable for long-term investments such as a microgrid.
4) Payback Time (PT)
The payback period is the length of time required to recover the cost of an investment and is considered a critical element in the decision of a project. This is due to the undesirability of longer payback periods when it comes to investment positions. This indicator ignores the time value of money.
III. METHODOLOGY
The developed methodology aims to perform the dayahead planning of operation for the generating and energy storage resources in the microgrid.
The objectives are achieved through a technical-economic analysis based on the Operational KPIs in order to define the optimal strategy for the functioning of the controllable resources. Figure 1 summarizes the methodological steps to achieve the optimal dispatch of the generation system with the introduction of the BESS in order to improve the management of the off-grid resources and to reduce the OPEX of the global system. 
A. Pre-analysis
In order to set parameters to improve the off-grid system optimisation, a preliminary study is carried out to get these parameters. Typically, when network planning studies are performed, there are historical time-series of consumption and production of RES. Then, with the aggregation of these time-series in seasons, it is possible to determine typical days for each season. The aggregation mode chosen for this methodology considered three levels of consumption demand: Low Demand, Medium Demand and High Demand.
The pre-analysis focuses on defining the time of the day when the BESS may reach the minimum SoC, the maximum equivalents cycle per day and average cost reduction required for each season.
1) Hour with minimum SoC
Due to the defined target function, the energy storage device ends the day with the minimum state of charge. Thus, so that the system does not end the day with a fixed state of charge, i.e. typically 50%, or with the minimum state of charge in the last hour of the day, a pre-analysis is conducted to the performance of the microgrid for the different hours of the day with the typical time-series of each season.
2) Maximum Equivalent Cycles per Day and minimum Average Cost Reduction Required
In order to assess the charging and discharging cycles of the energy storage system, it is considered that the system should have limited equivalent cycles per day (ECD) to guarantee the lifetime of the BESS. Thus, in this analysis, the most profitable seasons are identified, which gives the storage system more freedom to degrade more in these seasons. With the maximum ECD, the minimum average cost reduction for each day of each season, given by, is obtained to ensure that the NPV of the BESS is greater than or equal to zero at the end of the BESS lifetime.
B. Operation Strategy
The day-ahead planning of operation performs the unit commitment and the forecast of RES curtailment for the following day according to the objectives and subject to constraints. Therefore, at least two MILP problems are solved for each day steps (5) and (6), at hourly steps, considering forecasted electric demand and renewable power and the available power, with the objective to minimize the KPI LCOE, expressed by the equation 1:
Where I is the investment cost (€), O&M is the operations and maintenance cost (€), F is the fuel consumption (kg), τ is the fuel costs (€/kg), α is the CO 2 emissions allowances (€/tonCO2), E consumed is the energy consumed (MWh) and k is the nominal discount rate.
Initially, a day-ahead planning of operation is solved without the existence of BESS and then another is solved with BESS. It may be necessary to resolve more schedules with the BESS if the results of the KPIs are not accepted and there is the need to change the use of the off-grid system resources.
The planning of operation occurs 12 hours before the start of the planned operation. According to the result of the preanalysis the operation starts in the hour after the hour that achieves the greatest reduction of the average cost per hour.
IV. CASE STUDY
The developed methodology is assessed and validated on a case study of a real island grid with renewable energy sources.
A. Description of the case study
The generation system consists of a thermoelectric plant composed of 4 generators of 4MW. This system also consists in 3,1MW in installed power by DERs, divided by a PV park of 2MW and a Wind Farm of 1,1MW. It is considered that the investment costs of the existing production units on the island are already amortized.
The electric load presents a yearly peak of 7,7MW and yearly energy consumption of approximately 32,3 GWh.
The size of the BESS is 4MW and 4MWh. It is considered that this system has a lifetime of 10 years and that its degradation does not exceed 20%.
Due to the island receiving many tourists during a certain time of year, the island is characterized as having three welldefined time-series: High Demand, Medium Demand and Low Demand. These time-series have the following duration: ¼ of the year, ½ of the year and ¼ of the year, respectively.
According to [11] , the thermal units emits around 2,7kg of CO2 per one litre of diesel consumed. According to the market of CO2 European Emission Allowances, the cost is 26,81€/tonCO 2 [12] .
The investment cost considered for BESS with Li-ion batteries is 400€/kWh, following the report [13] . The interest rate considered in the project is 7%.
The discount rate considered in the economic analysis includes the capital cost tax factor, 8%, and the inflation rate, 2%.
B. Results Analysis
With discharges at 1C, the BESS needs 3 000 cycles to reach the 80% health status. Therefore, for the BESS to reach 80% by the end of 10 years, the system is limited to perform 300 cycles per year.
With the investment of the energy storage system to be paid in 7 years with an interest rate of 7%, the payment per year is 296 885€. Therefore, in order to reach the net present value of 0€, the system must have economic benefits of 214 853€ in the first year (and in the following years equal but considering the economic indices considered above).
The cost per cycle is 716,18€ and, on average, the system is limited to perform approximately 0,82 cycles per day (i.e. the equivalent to 3,1 MWh of energy throughput). Therefore, the results obtained for the pre-analysis are presented in Table 1:   TABLE I.  RESULTS OF THE PRE-ANALYSIS. Considering the obtained results, the planning of operation for the next day starts at 18h for Low Season, 13h for Medium Season and 20h for High Season. Although these are not the optimal results, they are sustained by the typical time-series of each Season. At Low Season and High Season, the best results are obtained for the early morning because that's when the need to charge the battery begins due to the higher RES production, namely wind production.
By applying the methodology presented in Section III, the results for the day with major RES are presented in With the BESS integrated into the system, there is no renewable curtailment because the BESS performs the RES energy time-shift and, with only one thermal unit connected, the thermoelectric power plant presents the lowest minimum production limits. Thus, through the BESS, some of this energy is stored and discharged during the periods in which consumption is higher, and the remaining renewable energy is integrated directly into the system because only a thermal unit is on.
By the analysis of Figure 3 . it is realized that during the High Season (day 171 to day 265), the system performs few or no equivalent cycles per day. Due to the fact that the consumption is much higher than the production of renewable energy during this season and because the thermal units are in high operating points, the time-shift of renewable energy by the BESS is not cost effective. Thus, the vast majority of equivalent cycles are performed in the remaining seasons of the year because the potential to obtain economic benefits is higher. As a consequence of the described behaviour, the SoH of the BESS decreases almost linearly during Low Season and Medium Season and stabilizes during High Season. An objective analysis of the system is performed, taking into account the KPIs identified in Section II. The KPI RCA has the maximum possible value because all the renewable energy excesses in the off-grid system is integrated, which means that there is no loss of clean, renewable energy. This is mainly a consequence of the fact that the BESS increases the flexibility of the off-grid system and because the BESS always has available capacity to store the excess. Even if a few equivalent cycles are carried out per year, around 18% of the limit of the equivalent cycles per year, these cycles are very profitable economically, which makes KPI CB a positive value. This is also related with the fact that the system can have economic benefits without degrading itself through the supply of primary reserve.
The LCOE of the off-grid system without BESS is 0,172 €/kWh. Table II shows that a lower LCOE value is obtained with the integration of BESS. The improvement of this KPI may represent a reduction in the cost to be paid by end consumers. The effective economic benefit of the BESS is the difference between the LBOS and the LCOS. The difference is 0,222€ for each kWh injected into the grid by the BESS. This is represented by the positive value of the NPV and a PT lower than the time of the investment project.
V. MAIN CONCLUSIONS
This work developed a methodology to assess the integration hybrid off-grid Systems with Battery Storage and with KPIs performing as monitored variables and selfadapting the behaviour of the system. Besides the currently high investment costs of battery systems, an optimized BESS operation present technical and consequently economic benefits that surpass its cycle-life costs. Through the analysis of the case study, it is verified that, in off-grid systems with a relatively low installed capacity of RES, the performance of cycles is quite reduced. Even with only a few cycles, the storage system is able to obtain economic benefits due to the provision of primary spinning reserve. This provision allows an increase in the flexibility of the off-grid system because it allows less many thermal units need to be online during a significant proportion of time and, thus, the minimum technical limits of production of thermal units are lower.
